HDAC
Introduction
The process of regeneration has fascinated humans since early experiments on hydra by Trembley in the 1700s (Lenhoff and Lenhoff, 1991) . Whole structure regeneration is a surprisingly common phenomenon with the ability occurring in some members of most phyla (Bely and Nyberg, 2010) . While human regeneration is rather limited, other vertebrates, especially amphibians, possess remarkable and extensive regenerative abilities.
Xenopus laevis, a model anuran amphibian, possesses the ability to regenerate tail tissue, limbs and the lens of the 0925-4773/$ -see front matter Ó 2012 Elsevier Ireland Ltd. All rights reserved. http://dx.doi.org/10.1016/j.mod.2012.08.001 eye during most embryonic and tadpole stages, however this ability is progressively lost during development and is absent by adulthood . Between stages 46 and 47, X. laevis tadpoles display a refractory period where tail regeneration fails (Beck et al., 2003) , however regeneration of an almost perfect tail occurs at all other stages up until the final loss of the tail at metamorphosis (Slack et al., 2008) . No dedifferentiation or metaplasia has been observed to take place during the normal course of regeneration in Xenopus . The process that is observed closely resembles normal developmental tissue generation .
Urodele (tailed) amphibians, such as Ambystoma mexicanum, the axolotl, demonstrate more stable regenerative ability, maintaining this throughout life. The process of regeneration in urodele limbs is thought to involve de-differentiation of stump tissues to form a proliferating blastema (Mescher, 1996) . However, the extent of de-differentiation and the role it plays in regeneration are still unclear, since axolotl limb cells have been shown to exhibit a cellular memory, indicating that a return to pluripotency does not occur in this species (Kragl et al., 2009) .
Recent studies have identified a number of important genetic pathways involved in the process of vertebrate regeneration. Transcriptome and proteome analysis in Xenopus has led to the identification of differentially regulated genes linked to the ability to regenerate (Day and Beck, 2011; Grow et al., 2006; King et al., 2003 King et al., , 2009 Malloch et al., 2009; Pearl et al., 2008; Tazaki et al., 2005) . Many of these pathways and molecules are also associated with normal developmental processes. In addition, candidate gene approaches have implicated Wnt, Notch, bone morphogenetic protein (BMP) and fibroblast growth factor (FGF) signalling in regenerative processes in Xenopus (reviewed in , highlighting the importance of re-activation of normal developmental pathways in regeneration. Pluripotency genes, on the other hand, do not appear to be upregulated during Xenopus tail or lens regeneration (Christen et al., 2010; Day and Beck, 2011) indicating that regeneration does not require a return to the pluripotent state. However, some level of reprogramming seems likely in regeneration, and genes involved in chromatin remodelling have been identified as upregulated during regeneration of the limb and lens (Day and Beck, 2011; Pearl et al., 2008) . Furthermore, epigenetic regulation (via CpG methylation) of the shh gene has been linked to regenerative success in Xenopus limb regeneration (Yakushiji et al., 2007) . It seems likely that modification of chromatin plays a role in reactivating developmentally regulated genes during regeneration and to test this hypothesis we have used chemical inhibitors of histone deacetyases (HDACs) in the vertebrate models X. laevis and A. mexicanum to investigate whether epigenetic signals contribute to regeneration in vertebrates.
Recently, another group reported on the importance of HDACs in Xenopus embryonic tail regeneration, and demonstrated expression of the class I enzyme HDAC1 in regeneration buds up to two days after amputation (Tseng et al., 2011) . Here, we confirm that Valproic acid, a HDAC inhibitor, blocks regeneration of tadpole tails and causes a corresponding drop in endogenous HDAC activity levels. Furthermore, we have investigated the specificity of the HDAC inhibitor VPA, which is also known to block sodium channels, by analysing the effect of a panel of chemical compounds on tail regeneration. We have also examined the time frame within which HDACs are required to be active for regeneration to succeed, and shown that there is no corresponding effect of VPA on tail development. Finally, we present evidence that HDACs are required for limb regeneration in Xenopus as well as in tail regeneration in the urodele amphibian Ambystoma mexicanum, suggesting HDAC activity is a fundamental component of regeneration in vertebrates.
Results

2.1.
Valproic acid inhibits tail regeneration and HDAC activity in X. laevis
In order to determine the effects of reducing HDAC activity on regeneration we treated tadpoles, after partial tail amputation, with valproic acid (VPA), a well-known chemical inhibitor of class I and IIa HDACs (Gottlicher et al., 2001; Phiel et al., 2001) . The mechanism of action via which VPA inhibits HDAC activity is thought to be by blocking the catalytic site of HDAC enzymes, thus preventing substrate binding (Gottlicher et al., 2001 ). VPA has also been shown to induce degradation of HDAC II (Kramer et al., 2003) .
VPA has been previously shown to inhibit tail regeneration in stage 40 Xenopus embryos by others (Tseng et al., 2011) . In our hands, VPA was shown to significantly inhibit tail regeneration in stage 48 Xenopus tadpoles (Table 1 and Fig. 1A-D) , and stage 40 embryos (Table 2 and Fig. 1E-H ) when compared to controls. A slight dose response to VPA was observed in stage 48 tadpoles (Table 1 and Fig. 1D ). Controls regenerated better at stage 40 (Fig. 1H , mean RS = 9.6 out of a possible 10) than at stage 48 (Fig. 1D , mean RS = 7.3). We observed some slight differences from the previous report (Tseng et al., 2011) . When stage 40 embryos were treated with 0.2 mg/ml VPA post amputation, a characteristic phenotype was observed (Fig. 1F) , which we termed ''poodle'' owing to the bubble like formation of fin at the tip of the tail in partial regenerates. In ''poodle'' tails, the notochord partly regenerates but the fin bubble is devoid of axial tissues. This phenotype was not observed in stage 48 tadpole tail regeneration, so it appears to be stage-specific.
To confirm that HDAC activity correlates with failure to regenerate a tail when treated with VPA, we used a colourimetric HDAC activity assay (BioVision) to compare histone acetylation in stage 40 Xenopus treated for 24 h with 0.2 mg/ml VPA post tail amputation with controls (Fig. 1l ). We found that the level of deacetylated lysine was approximately 6-fold lower, in VPA treated embryos (mean 10.1 pmol/ng total protein ± 6.3 pmol/ng) than in the controls (mean 64.2 pmol/ng total protein ± 4.6 pmol/ng).
We also looked at the effect of VPA In refractory stage 46/ 47 tadpoles, where control levels of regeneration were already low (RS = 4.8, Table 3 and Fig. 2A ), VPA treatment still significantly reduced the level of regeneration (RS = 1.2, Table 3 and Fig. 2B and D) . Presumably, VPA is acting on tadpoles would otherwise have escaped the refractory block resulting in far fewer tadpoles making an attempt at regeneration.
2.2.
Sodium butryrate, another HDAC inhibitor, also inhibits tail regeneration in Xenopus Sodium butyrate (NaBu) is a short chain fatty acid known to inhibit class I and II histone deactylases (Candido et al., 1978) . NaBu has various effects on cells, these effects include: proliferation, cell differentiation and altering of gene expression (Davie, 2003) . NaBu was selected as an ideal chemical to inhibit HDACs as, like VPA, it is highly soluble in water. At 0.5 mg/ml, NaBu was less effective than VPA at inhibiting tail regeneration in stage 40 embryos (Table 2 and Fig. 3 ) or stage 48 tadpoles (data not shown). However, a significant reduction was still observed (RS = 6.5 compared to 9.8 in controls at stage 40). Stage 40 embryos treated with NaBu typically displayed a partial regeneration phenotype, but did not form ''poodle'' fin bubbles (Fig. 3A) . NaBu also significantly reduced the residual regeneration that occurs during the refractory stage although again this was somewhat less effective than VPA (Table 3 and Fig. 2C ). Interestingly, unlike VPA treated cohorts, the NaBu treated tadpoles became paralysed during the treatment period, failing to respond to stimuli such as vibration or physical stimulation. All animals recovered fully from paralysis after being returned to normal, drug-free tadpole medium. This suggests some level of reversible sodium channel blocking occurs when tadpoles are exposed to this level of NaBu.
VPA inhibits tail regeneration in A. mexicanum larvae
In order to determine whether the HDAC action was required for regeneration in other regenerating vertebrates, newly hatched (stage 46) axolotl larvae were treated with 0.2 mg/ml VPA immediately after tail amputation. VPA was shown to significantly inhibit tail regeneration in A. mexicanum (RS = 3.9 compared to 8.1 in controls, Fig. 4 and Table 4 ). The phenotypes obtained resembled those of older stage Xenopus larvae Fig. 4 as compared to Fig. 1 (A-C) with no ''poodle'' phenotypes being observed.
2.4.
VPA inhibits limb regeneration in X. laevis
Tadpole tails are comprised of midline, axial tissues: spinal cord, notochord, and flanking muscle blocks (somites). We wondered whether HDAC activity, with its global, epigenetic Table 3 .
role, could be essential to regeneration of other complex structures in amphibia. Therefore, we examined the ability of VPA to alter the natural course of limb regeneration in Xenopus stage 52 tadpoles. At this stage tadpoles normally regenerate a fully patterned limb following amputation at the knee or ankle level (Dent, 1962) . Stage 52 X. laevis tadpoles were treated with VPA (0.2 mg/ml) for 48 h post amputation (hpa) of the left limb at future knee level. VPA treatment resulted in a general loss of ability to regenerate a fully patterned limb, with VPA treated tadpoles having on average fewer regenerated toes than control animals (p < 0.0001, chi squared analysis, Table 5 and Fig. 5A ). In contrast, when tadpoles were treated with VPA for only 24 hpa, no significant reduction in mean number of regenerated toes was observed, suggesting that 48 hpa is a minimum treatment period (Table 5). Limbs were stained post regeneration for cartilage (blue) and bone (red) (Fig. 5B-D ) and the total number of bones present were tallied. VPA reduced the number of all bones regenerating in the foot and lower hind limb but only a very few bones in the foot of the uncut, VPA treated limb showed any malformation and no bones were missing (Fig. 5E ).
2.5.
HDACs are required for regeneration-permissive wounding in X. laevis tail regeneration
In order to define when in the regeneration process VPA is acting, we allowed tadpoles with amputated tails to begin the regenerative process before adding 0.2 mg/ml VPA. Using this method, we showed that in stage 48 X. laevis tail regeneration, regeneration inhibition is highest when treatment occurs between zero and six hpa ( Fig. 6A ) Next, we tested the effect of shorter delays in VPA treatment using stage 40 tadpoles (Fig. 6B) . We found that tadpole tail regeneration was still significantly inhibited when VPA was added immediately after amputation (0 hpa) or following a delay of 1, 2 or 4 hpa. However, when VPA was added 6 h after amputation, tadpoles regenerated much better, indicating that the crucial period for HDAC action is early on in regeneration, during the wound repair process, less than 6 h after amputation.
We then went onto look at the effect of exposing stage 48 tadpoles to VPA for different lengths of time (Fig. 6C) . We observed that, although treatment for just 1 h after amputation is sufficient to significantly inhibit regeneration (p = 0.0003, t-test) if tadpoles are exposed to VPA for longer times there Table 2 . is a trend towards a lower mean regeneration score, resulting from a higher percentage of the cohort failing to regenerate. This may indicate that although the principal need for HDACs is early on in regeneration, there is some flexibility throughout the first 48 hpa.
HDAC inhibition prior to amputation does not result in regeneration failure
Because tail regeneration is effectively inhibited after exposure to VPA for just 1 h after amputation, we wondered if exposure pre-amputation would also be effective. To determine this we treated stage 40 X. laevis tadpoles with 0.2 mg/ml VPA for 24 h before amputation, then washed off the drug just before amputation (Table 2 ). This did not result in significant regeneration failure, suggesting that the level of HDAC activity before amputation does not alter the tadpole's ability to elicit a regenerative response.
2.7.
VPA does not inhibit normal development of tails in X. laevis
The posterior tail develops from an anatomically distinct bulge at the posterior of the Xenopus embryo, first detectable (Tucker and Slack, 1995) . Extirpated tail buds can be cultured with chemical inhibitors to determine their effect on development (Beck and Slack, 2002) . Since HDAC inhibition by VPA clearly represses the ability of Xenopus embryos and larvae to regenerate tail tissues, we tested whether VPA would also affect the normal process tail development by incubating extirpated stage 32 tail buds with 0.2 mg/ml VPA until the uncut sibling embryos reached stage 40. No difference in size or morphology was observed between tail buds that had been cultured in the presence of VPA for 24 h and those that had not, with both groups developing into morphologically indistinct tails (Fig. 7) .
VPA inhibits regeneration via HDAC inhibition and not via sodium channel blocking
With chemical approaches to altering the natural history of development or regeneration, care must be taken to ensure that the phenotype is not resulting from ''off-target'' effects.
As well as inhibiting HDACs, VPA is known to have other effects, including blocking of sodium gated channels and T type calcium channels (Perucca, 2002) , active demethylase activity (Detich et al., 2003) and induction of apoptosis (Jergil et al., 2009) .
In a recent paper, Tseng et al. (2010) showed that low levels of the drug MS222 (tricaine), a sodium channel blocker used as an aquatic anaesthetic, can cause regeneration inhibition. As VPA is known to be able to block sodium channels (Perucca, 2002), we were concerned that this may be the cause of regenerative inhibition. Therefore, we treated stage 40 tadpoles with 250 lM MS222 for 24 hpa post tail amputation. We observed paralysis of the tadpoles, with no swimming response to tapping the dishes, similar to that observed with NaBu treatment. However, once the tadpoles were returned to 0.1 · MMR, they recovered movement and no significant loss of subsequent regenerative ability was observed (Table 2) . However, when tadpoles were treated for 48 hpa with 250 lM MS222 post tail amputation, regeneration was significantly inhibited (Table 2) , although the animals remained paralysed for the 48 h of treatment. Paralysis was never observed in animals treated with VPA, suggesting that any effect of VPA on sodium channel blockers would be subthreshold at the concentrations used in our experiments.
Because we could not be certain that the effects of MS222 were not due to paralysis, we also tested valpromide, a carboxamide analogue of valproic acid which lacks HDAC inhibition properties (Table 2) . We found that valpromide, when applied for 24 hpa, does not inhibit tail regeneration in stage 40 X. laevis tadpoles. Interestingly, valpromide clearly exhibited sodium channel blocking effects causing paralysis in tadpoles in the same way as MS222.
Discussion
HDACs are required for vertebrate appendage regeneration but not development
VPA is well known for its teratogenic effects, causing neural tube defects in human infants as well as a variety of model A significant difference in mean RS ( * ) was seen between samples treated with VPA after a delay of 1 h and 6 h (p = 0.03), (B) VPA was added immediately after amputation of stage 40 embryos, or following delays of 1, 2, 3, 4, 6, 24 and 48 h. A highly significant difference in mean RS ( ** ) was seen when treatment with VPA was a delayed for 6 h rather than 4 (p < 0.001). (C) Stage 48 tadpoles were treated with VPA immediately after amputation for different lengths of time. All treated cohorts had a mean RS that was significantly lower than the controls. Although longer treatment times led to smaller mean RS, there were no significant differences between treatments.
systems including Xenopus laevis (Nau, 1994; Nau and Scott, 1987) . This teratogenic effect correlates well with the HDAC inhibition activity of VPA (Gurvich et al., 2005; Phiel et al., 2001) . We have shown here that two chemical inhibitors of HDAC activity, VPA and NaBu, inhibit tail regeneration, in agreement with previous observations by others using Trichostatin A (TSA) and VPA (Tseng et al., 2011) . While these inhibitors all target both class I and II HDACs, Tseng et al. have shown that a class I enzyme, HDAC1, is expressed in tail regeneration buds but that expression of the class II enzyme HDAC6 was not detectable, suggesting that it is the class I HDACs that are important in regeneration.
While this previous study (Tseng et al., 2011) has identified a role for HDACs in frog embryonic tail regeneration, here we have also shown that HDAC activity appears to be a requirement for amphibian regeneration as a whole, as chemically inhibiting HDACs in X. laevis tail and limbs and A. mexicanum tails all resulted in regeneration failure. Importantly, we have also shown that HDAC activity is lower in VPA treated embryos and that this correlates with reduced regenerative success. Interestingly, VPA treatment does not affect either the development of unamputated limbs in stage 52 Xenopus or the autonomous development of extirpated tail buds of stage 32 Xenopus embryos. This indicates that HDAC activity is needed during the regeneration process but is dispensable for normal development and patterning of the limbs and tails. HDAC activity may therefore act as an epigenetic switch to enable the reactivation of developmental processes during regeneration.
3.2.
HDACs are involved very early in the tail regeneration process Tseng et al. (2011) have previously reported that HDACs are needed within the first two days post amputation of the tail. Our data indicates that the principal action of HDACs occurs very early on, up to 6 hpa. This suggests that HDACs are involved in regeneration-specific tissue wound healing. The response to amputation in regeneration competent tails occurs rapidly, with the wound epithelium, which lacks a basement membrane and dermis, taking less than 6 h to cover the wound surface (Beck et al., 2003) . This contrasts to non-regenerative wound healing seen in refractory stage tails, where the wound becomes covered with a skin comprised of epidermis and dermis in 24 h. The requirement for HDACs at this early point in regeneration suggests that an early burst of HDAC activity 0-6 h post amputation could determine the potential of the tail to form a regeneration competent wound epithelium.
Although the principal requirement for HDAC activity in the regeneration process appears to be during the wound healing stage, we noted that VPA treatment throughout the first 48 h resulted in greater inhibition of regeneration than treatment limited to the first few hours. It is not clear that this effect is also due to HDAC inhibition or to another activity by the inhibitors (see Section 3.3 below). Inhibiting HDACs 48 h after tail amputation has no discernable effect on regenerative outcome, suggesting that HDACs are no longer needed after this time (Tseng et al., 2011) .
Curiously, we also found that treatment with the HDAC inhibitor VPA in the 24 h before amputation of the tail had no effect on regenerative outcome. It may therefore be of interest to investigate whether amputation itself acts as a trigger for HDAC production or activation.
3.3.
The mechanism of regeneration inhibition by VPA is unrelated to blocking of gated sodium channels Because VPA is also known to act as a sodium channel blocker (Perucca, 2002) , we wanted to ascertain whether the effect that VPA was having on regeneration could be due to this activity rather than the inhibition of HDACs. While others have shown that HDAC inhibitor treatment increases levels of histone acetylation in tadpole regeneration buds (Tseng et al., 2011) , all currently available inhibitors also have other effects unrelated to HDAC activity. Blocking gated sodium channels has been shown by Tseng 2010 (Tseng et al., 2010 to inhibit regeneration using MS222 (tricaine), which we routinely use as an anaesthetic during tail amputation. According to their results, continued (up to 7 days post amputation) treatment of post tail amputation X. laevis embryos with MS222 resulted in inhibition of tail regeneration. We repeated these experiments using 24 h of treatment post tail amputation and observed no significant regeneration inhibition (Table 2) . This difference is most likely due to the length of treatment time, since 48 h treatment did result in significant inhibition in our hands. However, since we have determined the critical window of VPA activity to much shorter, between 0 and 6 hpa, we suspect that MS222 inhibits regeneration through a different mechanism, possibly related to the paralytic effect of this chemical. During treatment with 250 lM MS222, X. laevis tadpoles were unable to move and a high mortality was observed. Interestingly when surviving tadpoles were returned to 0.1 · MMR after 24 h in MS222, they recovered from paralysis and went onto regenerate normally. Long term paralysis may therefore interfere with regeneration.
We think it is unlikely that blockage of gated sodium channels is playing an important role in regeneration inhibition by VPA as even tadpoles treated continuously with VPA for 5 days (data not shown) did not display any paralysis. This suggests that sodium channels were not blocked effectively by the levels of VPA used in our study. Furthermore, valpromide, an analogue of VPA which lacks HDAC inhibiting properties but retains sodium channel blocking effects, was also observed to cause temporary paralysis in tadpoles with no resulting deficit in regeneration. This indicates that by itself, paralysis presumably resulting from sodium channel blocking does not alter regeneration ability. Coupled with the observation that paralysis is not observed during VPA treatment, this provides evidence that it is specifically the HDAC inhibiting activity of VPA that blocks regeneration.
Conclusions
This paper provides further evidence for the involvement of epigenetic mechanisms, namely chromatin remodelling by histone deacetylases, in the regeneration process. HDAC activity was shown to be required for tail regeneration in X. laevis and A. mexicanum as well as in limb regeneration in X.
laevis. We have shown HDACs to be principally important during the early stages of the Xenopus tail regeneration process (0-6 hpa, corresponding to the wound healing phase). Inhibition of HDACs does not affect development of the limb or tail, therefore HDAC activity might be required to re-activate and stabilise developmental patterning genes. Further investigation is needed to determine whether differential HDAC activity regulates regenerative potential in amphibians and whether failure of this mechanism could be responsible for the inability of other vertebrates such as mammals to regenerate complex appendages.
4.
Experimental procedures
Xenopus laevis staging
All Xenopus staging was conducted according to the criteria described by Nieuwkoop and Faber (1967) . All animal experiments were approved by the University of Otago Animal Ethics Committee and were performed as per animal ethics protocol AEC 78/09.
Wild type X. laevis embryos were bred and cultured as described previously (Beck and Slack, 1999) until they reached stage 40. At stage 45 tadpoles were placed in tanks of 0.1x Marc's modified ringers (MMR) and fed a slurry of spirulina and powdered fish food. Approximately 10% of the water was changed daily to dechlorinated water and tanks were oxygenated daily using an aquarium bubbler. Tadpoles were then transferred to an XR1 aquarium (Marine Biotech) at a density of approximately 25 tadpoles per litre with daily feeding. Embryos needed for refractory stage experiments were not fed and were subjected to partial tail amputation at stage 46.
Ambystoma mexicanum staging
Staging of A. mexicanum was conducted using the criteria described in (Bordzilovskaya et al., 1989) . The A. mexicanum embryos used for this research were obtained from natural matings of the existing colony of adults held the Department of Zoology, University of Otago. Fertilized axolotl eggs were removed from the adult tank and placed in small tanks containing approximately 2 l of dechlorinated water, with continuous oxygenation by bubbling. Once hatched, axolotl larvae were separated from axolotl eggs and fed live Artemia (brine shrimp) twice daily.
Tail amputation
Tail amputation of in stage 46/47 and 48/49 (referred to in the text as stage 48) X. laevis tadpoles was performed under anaesthesia using 1 in 4000 w/v MS222 (Tricaine, Sigma). Anaesthesia was not used for stage 40 embryos. Tail amputation was performed on submerged tadpoles using a scalpel blade to remove the posterior 30-50% of the tail. Tadpoles under anaesthesia were then placed in dechlorinated water with oxygenation by bubbling for recovery. Tail amputation of stage 46 A. mexicanum larvae was performed under similar conditions except that anesthesia was administered at a concentration of 1 in 6000 w/v MS222 (Tricaine, Sigma).
Limb amputation
Limb amputation in stage 52 X. laevis tadpoles was performed under anaesthesia using 1/4000 w/v MS 222 (Tricaine, Sigma). Tadpoles were placed on a moist paper towel for amputation. Limbs were amputated at the approximate level of the future knee using vannas iridectomy scissors (World Precision Instruments). After amputation, tadpoles were allowed to recover in dechlorinated water with oxygenation by bubbling.
Tail bud extirpation
Tail buds of stage 32 X. laevis were extirpated and cultured as described in Tucker and Slack (1995) and Beck and Slack (2002) (Beck and Slack, 2002; Tucker and Slack, 1995) , with the modification that 0.5 · MMR was used as the culture medium.
4.6.
Chemical inhibition treatments of post operative tadpoles and larvae Stock solutions of chemical inhibitors were made up using PBSA (Oxoid) in order to maintain physiological pH. Solutions were then diluted to the desired concentration using 0.1 · MMR. In all cases, 0.1 · MMR was used as a control. Our standard treatment concentration was 0.2 mg/ml VPA (1.2 mM) unless otherwise stated.
Tails: After amputation, stage 40 X. laevis embryos were placed in 24 well plates at a density of five embryos per well in 2 ml of treatment solution. For older larvae of Xenopus and A. mexicanum, post-operative larvae were placed in 30 ml petri dishes at a density of 10-15 larvae per dish in 20 ml of treatment solution. Plates were placed in an incubator at 20°C. Solutions were changed daily to maintain chemical stability and to prevent oxygen depletion. After treatment, larvae were placed in 0.1 · MMR and allowed to regenerate for 4-5 days (stage 40 X. laevis) or 7-8 days with daily feeding (stage 48 X. laevis and A. mexicanum).
Limbs: After recovery from anaesthetic, tadpoles were placed in 250 ml petri dishes at a density of 10-20 tadpoles per dish, in 200 ml of treatment solution. Petri dishes were placed in the incubator at 20°C and maintained as above. After 48 h of treatment, tadpoles were returned to the Marine Biotech XR1 aquarium at 22°C and fed daily until they reached stage 57/58. Limited treatment time: stage 40 X. laevis tadpoles were treated, post tail amputation, for 0 to 48 h with 0.2 mg/ml VPA. After treatment tadpoles were placed in 0.1 · MMR and allowed to regenerate for 4-5 days. This experiment was also performed with stage 48/49 tadpoles.
Time delay before treatment: In this experiment stage 48 tadpoles were treated with 0.2 mg/ml VPA with time delays post amputation of 1-48 h. Between VPA treatment and amputation, tadpoles were placed in 0.1 · MMR. Tadpoles were allowed to regenerate for 7-8 days.
Pre-amputation treatment: Stage 40 tadpoles were treated with 0.2 mg/ml VPA for 24 h before tail amputation in 20 ml 0.1 · MMR in petri dishes with a 4.5 cm radius. Post amputation, tadpoles were placed in 0.1 · MMR and allowed to regenerate for 5 days.
4.7.
Scoring of tail regeneration
Tail regeneration was scored after 5 days for stage 40 tadpoles, or after 7-8 days for stage 48 tadpoles and stage 46 axolotls. Stage 48 Xenopus and stage 46 axolotl tadpoles were scored into three categories of regeneration ability: full, partial and zero, as in (Beck et al., 2003) . Stage 40 tadpoles were scored into four categories of regeneration ability according to Adams et al. (2007) and Tseng et al. (2007) with partial regeneration split into partial good regeneration and partial bad regeneration.
Tail regeneration index (RI): Tail regeneration index was calculated using the method devised by Adams et al. (2007) . Where three categories were used instead of four the percentage of full regenerates was multiplied by three, that of partial regenerates is multiplied by 1.5 and that of non-regenerates is multiplied by zero.
Mean regeneration score (RS): Mean regeneration score out of 10 was calculated using the method described by Beck et al. (2003) . Perfect regenerates score 10, partial regenerates 5 and non-regenerates zero. In the cases where partial regenerates are divided into good and bad partial regenerates, 7.5 points are awarded for partial good regeneration (typically a deficit in the fin) and 2.5 points are awarded for partial bad regeneration (typically lacking both fin and somites).
Scoring of limb regeneration
Limb regeneration was scored when tadpoles reached stage 57 or 58. Limb regeneration is scored according to how many digits are present in the regenerated hind limb, with a score of zero indicating no regeneration and a score of five indicating the presence of all five toes.
4.9.
Staining of bone and cartilage and scoring for bone regeneration A random subset of the tadpoles from the limb regeneration experiment, were stained using the protocol developed by Newman and colleagues (Newman et al., 1983) . Bones of the foot and lower hind limb were scored as present or absent and expressed as a percentage of the expected number of that bone in a normal animal. Any deformities in the bone, including bending and malformation were recorded. Results from all animals in a group were pooled and expressed as a percentage of the expected number of that bone in a normal X. laevis hindlimb.
HDAC activity assay
A colourimetric HDAC activity assay (BioVision) was performed according to the manufacturer's instructions using fresh tissue from whole stage 40 Xenopus embryos. These embryos had 50% of the tail amputated and were treated with 0.2 mg/ml VPA (treatment) or 0.1 · MMR (control) for 24 h before the assay was performed.
Statistical analyses
Data obtained for tail regeneration experiments was analysed using unpaired t-tests of raw data. Limb regeneration was analysed using chi squared tests. Biological replicates were performed in all experiments with each petri dish representing a replicate cohort, the data was then pooled for all replicates.
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